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Abstract. The records of ice-rafted debris (IRD) provenance
in the North Atlantic–Barents Sea allow the reconstruction
of the spatial and temporal changes of ice-flow drainage pat-
terns during glacial and deglacial periods. In this study a new
approach to characterization of the provenance of detrital
quartz grains in the fraction > 500 µm of marine sediments
offshore of Spitsbergen is introduced, utilizing scanning
electron microscope backscattered electron and cathodolu-
minescence (CL) imaging, combined with laser ablation in-
ductively coupled plasma mass spectrometry. Based on their
micro-inclusions, CL and trace element characteristics, the
investigated IRD grains can be classified into five distinct
populations. Three of the populations are indicative of poten-
tial IRD provenance provinces in the Storfjord area including
Barentsøya and Edgeøya. The results imply that under mod-
ern (interglacial) conditions IRD deposition along the west-
ern Spitsbergen margin is mainly governed by the East Spits-
bergen Current controlling the ice-drift pattern. The presence
of detrital quartz from local provinces, however, indicates
that variations in IRD supply from western Spitsbergen may
be quantified as well. In this pilot study it is demonstrated
that this new approach applied on Arctic continental margin
sediments bears a considerable potential for the definition of
the sources of IRD and thus of spatial/temporal changes in
ice-flow drainage patterns during glacial/interglacial cycles.
1 Introduction
Provenance studies of ice-rafted debris (IRD) in the North
Atlantic–Barents Sea are a remarkable tool for providing in-
sights into the dynamics of large ice sheets and the timing and
duration of their disintegration (e.g. Hemming, 2004 for a re-
view). Prominent IRD layers in the North Atlantic – the sed-
imentological expression of ice-sheet surging during a Hein-
rich event – and their origins illustrate the complexity of ice-
sheet–ocean interactions in the Northern Hemisphere during
the last glacial period (e.g. Kolla et al., 1979; Grousset et al.,
1993; Bond et al., 1997, 2001; Farmer et al., 2003; Peck et
al., 2007; Andrews et al., 2009; Verplanck et al., 2009).
Identifying the provenance of such IRD layers in the Arc-
tic is, however, not straightforward because of the abundance
of IRD from both sea ice and glacial rafting (Stein, 2008,
for review). For instance, the provenance of IRD-rich sed-
iments along the Spitsbergen continental margin has been
constrained by various approaches including bulk/clay min-
eralogy (Elverhøi et al., 1995; Andersen et al., 1996; Vogt et
al., 2001; Forwick et al., 2010), petrography of dropstones
(> 500 µm) (Bischof, 1994; Hebbeln et al., 1994, 1998), iron
grain chemical fingerprinting (Darby et al., 2002) and sta-
ble isotope geochemistry (Sr, Nd) (Tütken et al., 2002). The
results of all studies have demonstrated their potential to pro-
vide insights into both the changing sea ice drift patterns in
the Arctic Ocean and the complex Eurasian ice-sheet history
during the Quaternary. The application of these provenance
proxies is particularly relevant for identifying large-scale
geological provinces and thus circum-North Atlantic/Arctic
ice sheet dynamics and sea ice patterns. However, they are
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limited to pin point the exact bedrock formation onshore and
consequently delineating material derived through glacial
erosion, transport, and deposition from individual ice stream
(ice sheet) dynamics over time.
In the present study, we focus on detrital quartz grains
in the > 500 µm fraction of marine sediments offshore of
Spitsbergen considered to be IRD derived from melting ice-
bergs and sea ice (cf. Elverhøi et al., 1995; Hebbeln et al.,
1998). Potential source rocks for specific bedrock forma-
tions are constrained by introducing a new analytical ap-
proach combining structural studies of quartz grains by opti-
cal microscopy, scanning electron microscope backscattered
electron imaging (SEM-BSE), scanning electron micro-
scope cathodoluminescence (SEM-CL) imaging with chem-
ical analyses of quartz grains by laser ablation inductively
coupled plasma mass spectrometry (LA-ICP-MS). Quartz is
a mineral preferred for provenance studies due to its resis-
tance to weathering and common presence in rocks and soils.
The structural analysis of detrital quartz grains in sedimen-
tary rocks by means of optical microscopy and SEM-CL
has a long history in provenance evaluation in sedimentol-
ogy (e.g. Seyedolali et al., 1997; Götze and Zimmerle, 2000,
and references therein). Recent developments of microbeam
techniques, such as LA-ICP-MS and secondary ion mass
spectrometry, enable the chemical characterization of quartz
grains down to∼ 100 µm in size. Chemical analyses have
shown that the trace element signature of quartz is controlled
by the physicochemical conditions of quartz formation (e.g.
Götze, 2009, and references therein) and, thus, represents a
geochemical fingerprint of the quartz origin. However, the
chemical characterization of quartz grains by these analyti-
cal techniques has not been applied for provenance studies
so far.
Up to now, we have studied 9 core-top (0–1 cm) samples
randomly distributed along the western and southern coast of
Spitsbergen (Fig. 1) and compared the quartz properties in
the > 500 µm fraction with 18 onshore samples from poten-
tial source areas in central, west, south and southeast Spits-
bergen. Our results show that various bedrock provinces in
the study area are identifiable in the quartz grains offshore of
Spitsbergen. Long-distance transport by sea ice is the domi-
nant transport mechanism for the quartz grains. In addition,
quartz grains released from melting icebergs/sea ice, origi-
nating from either central or southeastern Spitsbergen, are
clearly recognized. Considering the complicated glacial dy-
namics of former Barents Sea ice sheets as recently outlined
by Dowdeswell et al. (2010), this new approach applied to
Arctic continental margin sediments will help to define the




Spitsbergen, the main island of the Svalbard archipelago
east of the Fram Strait, forms the northwestern edge of the
Barents Sea (Fig. 1a). Its geological range provides an al-
most complete succession from Precambrian to Quaternary
strata (Steel and Worsley, 1984; Dallmann, 1999). Precam-
brian metamorphic crystalline rocks of the Hecla Hoek group
and sand/siltstones of Devonian ages prevail in the northern
and northwestern part. Nearly undisturbed strata of Mesozoic
sedimentary rocks dominate the central and southern parts of
the island, while Tertiary organic-rich siliciclastic rocks with
coal seams dominate the inner part of southern Spitsbergen
(Michelsen and Khorasani, 1991). The sea floor in the north-
western Barents Sea consists of Pleistocene moraines and
of Holocene deposits including reworked morainic material
(Dibner et al., 1970; Bjørlykke and Elverhøi, 1975). Geo-
physical data indicate the presence of Mesozoic sediments
immediately below the Pleistocene cover (Sundvor, 1974).
2.2 Oceanography
The North Atlantic drift carries warm and saline Atlantic
water northwards. One of its main branches (i.e. the West
Spitsbergen Current (WSC) (Fig. 1b)) is defined by having
temperatures > 2◦C and salinities > 34.9 psu (Schlichtholz
and Goszczko, 2006). Separated by the polar front, colder
(T < 0◦C and salinity < 34.4 psu) and ice-covered Arctic wa-
ters cross the northern Barents Sea and join the East Spitsber-
gen Current (ESC) (Fig. 1b). The ESC flows southward along
the SE coast of Spitsbergen and transports cold water from
the Arctic Ocean, which mixes with ambient water includ-
ing freshwater outflow from fjords as it continues northward
along the continental shelf off Spitsbergen (Skogseth, 2003).
The density barrier separates the warm, saline Atlantic wa-
ter from the relatively cold, fresh Arctic water on the shelf.
The frontal region prevents intrusions of warm Atlantic water
into the shelf and fjord region during winter. During winter
(January–March) the ice edge in the Barents Sea achieves its
maximum southward extent. This zone where the ice edge
is most frequently located during spring is referred to as the
marginal ice zone. Because the marginal ice zone is topo-
graphically trapped, its location during maximum extent is
fairly constant being located near the 250 m isobaths north
of the Bjørnøya and Hopen troughs (Fig. 1b) (Loeng, 1991).
During the winter months of the sampling year 2001, the
south and west coasts of Spitsbergen were regularly covered
by drift ice (Fig. 2).
2.3 Modern depositional environment
The sedimentary environments of the sample locations have
been characterized by sea floor photographs taken with
the remotely operated vehicle (ROV “sprint 103”) (Fig. 3)
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Fig. 1. (A) Location of Spitsbergen between the Greenland Sea, Barents Sea, Norwegian Sea and Arctic Ocean.(B) Simplified geological
map of Spitsbergen according to Dallmann et al. (2002) with locations of offshore drill core samples (red dots) and onshore rock samples
(yellow dots) and onshore sediment transport close to offshore sample locations (small black arrows). In addition, the map shows the East
and West Spitsbergen currents and the distribution of surging glaciers according to Dowdeswell and Dowdeswell (1997).
(Winkelmann and Knies, 2005). The environments are clas-
sified into three different settings: (A) a high energy–no ac-
cumulation environment on the outer shelf/shelf break and
bathymetric highs, (B) a low energy–high accumulation en-
vironment in the inner fjords and (C) a mixed type of mod-
erate or variable energy–low accumulation environment of
the transitional sites and the Barents Sea. Especially the win-
nowed lag deposits on the outer shelf (Setting A) are con-
sidered to represent erosional surfaces probably induced by
contour or bottom currents (Andruleit et al., 1996). The “ice-
rafted debris (IRD) – signal” of these hard ground surfaces
may not reflect recent ice rafting but washing out of finer
sediments. The onset of increased along-shelf bottom cur-
rents was dated to approximately 2.6 kyr BP (Andruleit et
al., 1996). The winnowing facies is observed on the shelf to
water depth > 130 m b.s.f. west of Prins Karls Forland. To-
wards the incisions of the fjord systems (Setting B), areas
are sheltered from the bottom currents, and therefore sites
favouring deposition of modern ice-rafting. In contrast, the
sediments from the Barents Sea shelf exhibit partly features
of the higher energetic shelf environments west of Spitsber-
gen (Setting C). Within the Atlantic water domain, strong
bottom currents (∼ 0.5 m s−1, based on ROV observation)
leave single ice-rafted boulder outstanding. However, resus-
pension, entrainment and lateral displacement of fine-grained
sediments seem to be not as dominant as on the shelf west of
Spitsbergen.
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Fig. 2. Sea ice conditions around Spitsbergen on 7 February 2001,




Nine short cores (length 30 cm, diameter 11 cm) have been
collected west of Svalbard and on the adjacent shelf to the
south on a scientific cruise with RVHeincke in summer
2001 (Fig. 1b). The short cores were taken with multicorer
equipment. Undisturbed surfaces of all short cores (the up-
per first centimetre of the cores) were sampled and stored
at−20◦C until analysis. Thereafter, all samples were freeze-
dried and washed through > 500 µm mesh with deionized wa-
ter; 198 detrital quartz grains up to 3 mm in diameter were
hand-picked from the > 500 µm size fraction and embedded
in epoxide resin and polished down half size for SEM and
LA-ICP-MS analysis. The 198 grains represent all quartz
grains > 500 µm found in the available sample material. Sam-
ples were selected from two respective environmental set-
tings (Table 1) including fossil ice rafting (> 2.6 kyr) (Set-
ting A) and modern ice rafting (Setting B). Samples from the
outer Barents Sea shelf (Setting C) have not been studied.
The grain-size spectra in Setting B samples consist of sand-
bearing clayey silts, with sand contents varying between 0
and 6 wt. % (Winkelmann, 2003). The sand content in Set-
ting A samples may reach up to 30 wt. % of the total frac-
tion. In the > 500 µm fraction, the fraction of quartz relative
to other minerals was between 10 and 20 %.
Fig. 3. Three types of sedimentary environment (modified after
Winkelmann and Knies, 2005):(A) outer shelf, high energetic – no
sedimentation;(B) inner fjords, low energetic – high sedimentation;
(C) Barents Sea shelf, mixed type of medium energetic – low sed-
imentation (based on interpretation of ROV pictures). Yellow dots
indicate the studied core-top samples. The small red squares mark
samples studied by Winkelmann and Knies (2005).
3.2 Onshore samples
A total of 18 representative samples from Svalbard, including
4 quartzites, 2 hydrothermal quartz veins, 2 conglomerates,
and 10 sandstones from potential provenance areas in central,
west, south and southeast Spitsbergen, were studied in order
to compare the quartz CL structures, micro inclusion inven-
tory and chemistry with quartz grains of offshore samples
(Fig. 1b, Table 2). The samples originate from archives of
the Geological Survey of Norway (NGU) in Trondheim, Uni-
versity Centre in Svalbard (UNIS) CO2 Lab AS in Longyear-
byen, the Norwegian Polar Institute (NPI) in Tromsø, and the
Store Norske Spitsbergen Grubekompani (SNSG) AS. Addi-
tional samples were collected during field work at Edgeøya
in summer 2012 by colleagues from NGU and the UNIS CO2
Lab AS.
4 Methods
Mineral inclusions and intergrowths of non-quartz miner-
als occurring in some of the quartz grains were identi-
fied by optical microscopy and BSE imaging and were
semi-quantitatively analysed using the LEO 1450VP SEM
equipped with EDX detector at the Geological Survey of
Norway in Trondheim. Different quartz populations and
intra-granular microstructures, such as growth zoning, healed
fractures, authigenic quartz overgrowths, were imaged us-
ing a Centaurus BS bialkali-type CL detector attached to the
SEM.
LA-ICP-MS was applied for the in situ determination of
the elements Li, Be, Mn, Ge, Al, Ti, and Fe in 133 out of
198 quartz grains; 65 grains were not analysed due to the
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Table 1.Studied sea-floor samples and environmental settings (see
text for definition). The number of grains represent all quartz grains
> 500 µm which were found and investigated by optical microcopy,
BSE and SEM-CL imaging. The numbers in parentheses indicate
the number of LA-ICP-MS analyses.
Sample Latitude Longitude Water Setting No. of
[N] [E] depth [m] grains
1244 77◦56′ 19◦09′ 96 B 14 (4)
1246 76◦46′ 19◦25′ 153 B 16 (8)
1258 77◦49′ 15◦45′ 43 B 24 (13)
1265 78◦22′ 16◦22′ 87 B 8 (5)
1268 78◦37′ 11◦38′ 102 B 12 (11)
1269 78◦22′ 12◦19′ 169 B 14 (10)
1275 78◦15′ 10◦10′ 297 A 32 (17)
1276 78◦33′ 10◦19′ 131 A 34 (27)
1286 78◦52′ 11◦19′ 159 B 44 (38)
high number of mineral and/or fluid inclusions which would
contaminate the analyses. The ICP-MS used in this study
is a double focusing sector field instrument (ELEMENT-1
Finnigan MAT) combined with a New Wave UP-193 nm ex-
cimer laser probe. Continuous raster ablation was carried out,
resulting in ablated rasters of approximately 150× 100 µm
with depths of 20 to 30 µm. Element concentrations were
calculated by multi-standard calibration. Limits of detection
are listed in Tables S1 and S2. The analytical error ranges
within 10 % of the absolute concentration of the element. De-
tailed descriptions of the measurement procedures are given
by Flem et al. (2002) and Flem and Müller (2012).
Processing and analysing the offshore (9) and onshore
(18) samples with our new quantitative approach are rela-
tively fast. For the LA-ICP-MS analyses (133 offshore quartz
grains; 53 quartz grains in onshore samples), we used 20
working days including data processing. Initial hand-picking
of 198 quartz grains, preparation of thick sections, inves-
tigations by optical microscopy and SEM and SEM-CL
work lasted another ca. 30 working days. The analysis of
ca. 100 samples to obtain information on the origin of IRD-
derived quartz grains in a millennial–centennial record out-
side Svalbard will last ca. 7 months with this new approach.
5 Results
5.1 Characteristics of quartz grains in offshore samples
The quartz grains of offshore samples were classified into
five major types, A to E, based on mineral micro-inclusions,
CL intensity, intra-granular structures visualized by SEM-CL
imaging and trace element content (Fig. 4). The classification
was developed by means of the observed, most significant
features of the investigated offshore grains, and, thus, the
classification application is restricted to the offshore sample
area of this study. The distinguishing features were chosen
in such a way that each offshore grain could be assigned to
one group only. The characteristics of the five types can be
described as follows.
Type A comprises monocrystalline, sub- to well-rounded,
mineral-inclusion-free quartz grains (0.4 to 1.4 mm) with no
or very low CL signal. Type A grains are almost ubiquitous
in every sampling area and form the major grain popula-
tion (mean 48 %) of nearly all the samples except samples
1265 (Isfjord) and 1269 (Forlandsund; Figs. 4, 5). A num-
ber of these grains show cemented sericite and traces of Fe-
oxides/hydroxides at their surfaces, which are highlighted by
black arrows in Fig. 4. These coatings represent remains of
cement from eroded sandstone, and, thus, the A type grains
are detrital quartz grains from eroded sandstones (secondary
origin) (Table 3). The primary sources of the grains, before
sedimentation as sandstones, were low-grade metamorphic
quartzite and/or low-temperature hydrothermal segregation,
facilitating the CL properties according to Bernet and Bassett
(2005). Type A quartz commonly has low Ti (< 2.9 µgg−1),
low Li (≤ 1.8 µgg−1), and variable Al (< 8 to 221 µgg−1;
Table A1). Exceptions are three grains containing high Li
(mean 110 µgg−1) and Al (mean 2762 µgg−1) (Fig. 6). Such
high Li and Al concentrations have been described from hy-
drothermal quartz only (e.g. Jourdan et al., 2009). Ti con-
centrations < 2.9 µgg−1 indicate quartz crystallization tem-
peratures < 450◦C (Wark and Watson, 2006) implying low-
grade metamorphic and hydrothermal primary origin of A
type grains (Table 3).
Type B grains are polycrystalline and polyphase quartz
grains (0.6 to 3 mm) with no or very low CL signal.
The quartz is intergrown with K-feldspar, mica (biotite
and/or muscovite), chlorite, and calcite and contains micro-
inclusions of apatite, pyrite, Fe oxides, calcite, dolomite,
barite, rutile, zircon, and monazite. The group comprises
28 % of the investigated grains. Type B grains are shown as
BSE images in Fig. 4 in order to visualize their polyphase
compositions. The quartz has low Ti (< 2.9 µgg−1), low
Li (≤ 2.8 µgg−1), and variable Al (< 8 to 344 µgg−1).
The element concentrations are in the same range as for
type A grains (Fig. 6). Like the type A grains, type B
grains show microcrystalline remains of sericite and Fe-
oxides/hydroxides on the grain surfaces (see black arrows in
Fig. 4) indicating that they are detrital grains from eroded
sandstones (secondary origin). The primary sources of the
type B grains are low-grade metamorphic quartzite (Table 3).
Type C represents a distinct quartz population comprising
7 % of the grains investigated. The non-luminescent grains
(0.6 to 1.2 mm) are cut by thin, healed, brightly lumines-
cent micro-fractures. Single grains of this type were found
in almost all the sampled regions except Isfjord. Coatings
of sericite and Fe-oxides/hydroxides at the grain surfaces
(see black arrow in Fig. 4) indicate that type C grains rep-
resent detrital grains from eroded sandstones (secondary ori-
gin) similar to type A and B grains. Type C grains have a con-
sistent trace element content characterised by low Li (mean
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Table 2.Origin and type of investigated onshore samples for comparative studies. NGU – Geological Survey of Norway in Trondheim, NPI –
Norwegian Polar Institute in Tromsø, SNSG – Store Norske Spitsbergen Grubekompani AS, UNIS CO2 Lab – University Centre in Svalbard
CO2 Lab AS, Fm – Formation.
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Fig. 4. Classification of quartz grains of the > 500 µm size fraction according to their CL characteristics and micro-inclusion contents.
Representative CL images of type A, C, D and E grains and BSE images of type B grains are shown. The numbers in the lower left of each
cell indicate the percentage on the total number of quartz grains found. The scale bar length corresponds to 200 µm. The black arrows indicate
remains of sericite cement at quartz grain edges and the white arrows remains of authigenic quartz.
Table 3.Suggested primary and secondary rock type origin of quartz grains in the > 500 µm fraction of investigated offshore samples.
Grain type Primary origin
(prior to sedimentation as sandstone of
Carboniferous to Tertiary age)
Secondary origin
(prior to Pleistocene to recent
marine sedimentation)
A low-grade metamorphic quartzite and/or
hydrothermal segregation
immature sandstones cemented by
sericite and Fe-oxides/hydroxides
B low-grade metamorphic quartzite immature sandstones cemented by
sericite and Fe-oxides/hydroxides
C low-grade metamorphic quartzite and/or
hydrothermal segregation
immature sandstones cemented by
sericite and Fe-oxides/hydroxides
D plutonic or high-grade metamorphic rocks mature sandstones cemented by
authigenic quartz
E plutonic or high-grade metamorphic rocks arkose cemented by authigenic quartz
1.4 µgg−1) and moderate Al (mean 149 µgg−1; Fig. 6). The
CL properties and the trace element signature suggest that
the type C grains are primarily erosion products of low-grade
metamorphic quartzite and/or hydrothermal segregation or
veins (primary origin) which were deposited in sandstones
(Table 3).
Type D grains comprising 14 % of the investigated sam-
ples are polycrystalline quartz fragments (0.5 to 1.5 mm)
consisting of rounded to well-rounded, partially broken de-
trital quartz grains with remains of authigenic quartz (see
white arrows in Fig. 4). The detrital grains commonly have
bright CL, and authigenic quartz is non-luminescent. The
pore space of the sandstone fragments is completely filled by
authigenic quartz. These fragments occur predominantly in
Isfjord and to a lesser extent in Storfjord, Prins Karls Forland,
Van Mijenfjorden and Forlandsund. The majority of the de-
trital grains show thin (< 5 µm), healed and non-luminescent
micro-fractures which are characteristic of high-grade meta-
morphic and plutonic origin (e.g. Seyedolali et al., 1997).
Moderate to high Ti concentrations (9.1 to 182.9 µgg−1;
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Fig. 5.Map of onshore and offshore samples of Spitsbergen and sur-
rounding seas. Each pie chart represents the distribution of quartz
grain populations (types A to E and “other”). The pie charts of off-
shore samples illustrate the dominance of type A an B grains in al-
most all samples, whereas the onshore samples have distinct quartz
populations restricted to certain areas. The distribution of quartz
populations in the Late Triassic sandstones from Edgeøya resemble
most the distribution in offshore samples even though the precision
of the percentage of offshore grain populations is poor due to the
limited number of accessible grains.
Fig. 6) indicate minimum crystallisation temperatures of
the detrital quartz from 523± 9 to 825± 14◦C (Wark and
Watson, 2006), confirming the plutonic or high-grade meta-
morphic primary origin of the detrital quartz grains. The
monomineral composition of the type D fragments and com-
plete silicification of the pore space suggest that they origi-
nate from mature, coarse-grained sandstones (secondary ori-
gin, Table 3).
Type E grains comprise fine-grained arkose fragments
(2 to 3 mm) containing predominantly detrital rounded
quartz grains and some K-feldspar grains cemented by non-
luminescent authigenic quartz. Most of the detrital quartz
grains exhibit moderate to bright CL intensity indicating plu-
tonic or high-grade metamorphic primary origins. Type E is
represented by four grains, found only in sample 1244 from
inner Storfjord.
5.2 Characteristics of quartz grains in onshore samples
For comparison quartz grains in onshore rocks includ-
ing sandstones, conglomerates, quartzite and hydrothermal
quartz veins from the Brøgger peninsula, St. Jonsfjord,
Kongsfjord, Billefjord, Edgeøya, Isfjord, and Lunckefjell
were examined and analysed (Table 2). The sample locations
are indicated in Fig. 1b, and their stratigraphic origins are
shown in Fig. 7. Where possible, the onshore quartz was as-
signed to one of the grain type groups defined by the off-
shore samples. However, a number of onshore samples con-
tain quartz grains with features which were not observed in
offshore grains. For these grains a classification was not nec-
essary because they could immediately be excluded as the
source of offshore grains.
The Proterozoic and Permo-Carboniferous onshore sam-
ples from the Brøgger peninsula, St. Jonsfjord and Kongs-
fjord are located in the glacier ice and river catchment areas
of northern Forlandsund, relatively close to the offshore sam-
ple locations 1268, 1269, and 1286. The quartz CL structures
of the majority of these samples are different to those of the
offshore grains. Quartz of samples 84–132, 31–50, YO85-
269 and WS79-8 has distinctive, lamella-like structures in
CL (Fig. 8a), and quartz in sample YO-193 shows cloudy do-
mains of bright luminescence within dull luminescent quartz
(Fig. 8b). Sample YO85-Årat consists of quartz with mod-
erate intense CL cross-cut by thin (< 5 µm), healed micro-
fractures with bright CL similar to type C grains (Fig. 8c).
However, the CL intensity and the Ti content (5.2 µgg−1; Ta-
ble S2) of the YO85-Årat quartz are significantly higher than
those of the offshore type C grains. The sandstone and con-
glomerate of the Permo-Carboniferous Gipsdalen Group at
St. Jonsfjord (WS87-4, WS87-25) contain 10 to 15 % dull
luminescent, featureless quartz grains corresponding to type
A and 80 to 85 % bright luminescent quartz grains with
non-luminescent, healed micro-fractures similar to type D
grains (Fig. 8d and e). The detrital grains are cemented by
dull-luminescent authigenic quartz. However, the secondary
structures of the type-D-like grains are more common in
grains of the Gipsdalen sediments than in the offshore grains
(compare Figs. 4 and 8d). Concentrations of Al, Ti and Li
plot in the same range as the offshore samples (Fig. 9). How-
ever, the proportion of grains with Ti > 2.9 µgg−1 (42 %)
is significantly higher than in most of the offshore samples
(Fig. 9a).
Sample MJ2 is a chert pebble from the Permo-
Carboniferous Gipsdalen Group at Billefjord close to off-
shore sample 1265 in the Isfjord. Chert is a common con-
stituent of the Permo-Carboniferous sediments of Spitsber-
gen. In CL the sample shows a brecciated, moderate bright
luminescent chert generation which is healed by a dull lumi-
nescent chert generation (Fig. 8f). Such structures have not
been observed in the offshore grains. The chert has variable
Al (81 ± 63 µgg−1), high Fe (mean 28± 7 µgg−1) and no Ti
(Table S2).
Four medium-grained sandstones (AB12-4, AB12-16,
PO1, PO2) from two different stratigraphic units of the Late
Triassic De Geerdalen Formation at Edgeøya were inves-
tigated. The rocks of the De Geerdalen Formation cover
more than 50 % of the surface of Edgeøya and Barentsøya
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Fig. 6.Concentrations of Al versus Ti and Li of quartz grains in offshore samples. The same data are plotted, first, with respect to quartz type
(A, B) and, second, to sample origin(C, D). (A, B) Type D grains have distinctively high Ti and relatively high average Al and Li compared
to the grain types A, B, C, and E.(C, D) Samples 1265 (Isfjord), 1276 (Prins Karls Forland) and 1258 (Van Mijenfjorden) have relatively
high proportions of grains with high Ti (D type grains).
and almost 100 % of the island Hopen, which corresponds
to more than 3000 km2 (Fig. 1). All sandstones are moder-
ately sorted, containing 80–85 % sub-angular quartz grains
with an average grain size of∼ 180 µm (AB12-4, AB12-16)
and∼ 120 µm (PO1, PO2), respectively (Fig. 10a). The ce-
ment consists of sericite, authigenic quartz and minor Fe ox-
ides/hydroxides. Small (5 to 100 µm), euhedral authigenic
quartz crystals occur in the interspace of the porous sand-
stone. The Edgeøya sandstones contain principally four types
of quartz grains: (1) grains with dull, featureless CL corre-
sponding to type A grains (47 to 64 %); (2) grains with dull,
featureless CL and polyphase micro-inclusions, mostly mica
similar to type B grains (10 to 18 %) (Fig. 10b); (3) dull lu-
minescent grains with cross-cutting bright luminescent veins
similar to type C grains (1 to 4 %); and (4) grains with bright
CL and superimposing non-luminescent secondary structures
corresponding to type D grains (27 to 34 %). Thus, the sand-
stones of the De Geerdalen Formation consist of the same
quartz grain populations as most of the offshore samples.
Even the grain type proportions of the Edgeøya sandstone
and some offshore samples are comparable (1258, 1286;
1275, 1276) (Fig. 5).
Samples DH-4, DH7A-1, DH7A-2, and DH7A-3 are rep-
resentative of medium- to coarse-grained Mesozoic sand-
stones from southern Isfjord (Table 2, Fig. 7). Mesozoic sed-
iments cover about 30 % of SW Spitsbergen (Fig. 1b). All
sandstones are badly sorted with sericite cement. The sub-
angular to rounded quartz grains comprise 80 to 100 % of the
grains in the sediments. Authigenic quartz is not developed.
Between 13 and 50 % of the quartz grains exhibit featureless
CL with weak intensity corresponding to the CL characteris-
tics of type A grains. The other population comprises quartz
grains with bright CL superimposed by dull luminescent thin
(< 5 µm) veins corresponding to type D grains (Fig. 10c). The
bright luminescent type D grains are characterized by high
and variable average Ti of 76± 80 µgg−1 (Table S2; Fig. 9c).
Sample DH7A-1 is the only investigated onshore sample
which contains fragments of fine-grained arkose, which cor-
respond to type E grains (Fig. 10d). Type B and C grains
were not found.
The conglomerate MJ1 is a representative sample of the
Tertiary Van Mijenfjorden Group from Lunckefjell. Tertiary
ediments cover about 30 % of SW Spitsbergen (Fig. 1b).
Large quartz grains (> 1 mm) are sub-rounded and small
grains are sub-angular. The grains are cemented by weak lu-
minescent authigenic quartz (Fig. 10e); 61 % of the quartz
grains have bright CL corresponding to the CL characteris-
tics of type D grains. The other quartz grains have featureless
CL with low intensity similar to type A grains. In addition, a
few grains of chert were identified (Fig. 10f).
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Fig. 7. Simplified geological timetable of Spitsbergen according to Dallmann (1999) and Dallmann et al. (2002) with stratigraphic positions
of investigated onshore samples (dark circles).
6 Discussion
A and B type grains are ubiquitous in almost all offshore
regions sampled and represent the major quartz-grain pop-
ulations in the > 500 µm size fraction (Figs. 4, 5). The ho-
mogeneity in frequency and regional distribution of the two
grain populations suggests that the onshore rocks close to
the offshore sampling sites do not serve as the main catch-
ment areas. The onshore lithologies close to the offshore
sample locations are either Proterozoic crystalline rocks (Os-
car II Land east of Forlandsund, eastern Prins Karls For-
land), Palaeozoic metamorphic rocks (western Prins Karls
Forland), or Mesozoic to Cenozoic sedimentary rocks (Van
Mijenfjorden, Isfjord and Storfjord) (Dallmann et al., 2002).
The erosion of rocks of such diverse sedimentary and meta-
morphic histories would produce quartz grains with highly
variable trace element concentrations and CL properties. In-
deed, all investigated onshore samples east of Forlandsund
contain quartz with CL features that are completely absent
in the offshore grains (Fig. 8a–c). Further, different from
the offshore grains type D quartz grains are the most dom-
inant quartz population in all investigated sandstones north
and south of Isfjord. Only in innermost Isfjord (sample 1265)
close to the glacier ice and river catchment areas, significant
proportion of type D quartz grains occurs in the > 500 µm
fraction. This implies that modern ice rafting in the Forland-
sund area cannot be the result of local iceberg melting.
Similar frequency and prevalence of type A and B quartz
grains are observed in Setting A (“fossil ice rafting”) lo-
cations 1275 and 1276 outside Prins Karls Forland as well
(Figs. 3, 5). These winnowed lag deposits are widely dis-
tributed on the shelf in water depth > 130 m (Winkelmann
and Knies, 2005). The IRD most likely represents a mixture
of debris released by melting sea ice and icebergs prior to
2.6 kyr (Andruleit et al., 1996). The prevalence of type A and
B grains in these “fossil” sediments suggest the same source
for the quartz grains as for the modern ice-rafted material.
It confirms the hypothesis that the onshore rocks close to the
offshore sampling sites are not the main source and, thus, that
the main catchment area is somewhere else.
Similar circumstances are postulated for type C grains.
These occur in almost all sampled regions except Isfjord but
form, in contrast to type A and B grains, a minor grain pop-
ulation. However, it appears that types A, B and C grains
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Fig. 8. SEM-CL and SEM images of quartz in onshore samples
from Spitsbergen.(A) Distinctive lamella-like CL structures in
quartz of the Proterozoic metagranite from Vestkysten.(B) Cloudy,
bright luminescent domains in quartz with generally dull CL. Meso-
proterozoic quartzite.(C) SEM-CL image of quartz with moderate
CL intensity crosscut by thin (< 5 µm), healed micro-fractures with
bright CL. (D) SEM-CL image of Permo-Carboniferous sandstone
from the St. Jonsfjord. The majority of grains have bright CL and
are overgrown by dull luminescent authigenic quartz.(E) BSE im-
age of the same sample domain as shown in(D) illustrating that the
interstitial areas of dark CL represent authigenic quartz.(F) SEM-
CL image of chert from the Permo-Carboniferous Gipsdalen Group
at Billefjord. Fragments of moderate bright luminescent chert are
healed by a silica generation with dull CL.
are regionally and genetically connected. The three types
are recycled grains of immature sandstones, which origi-
nally were eroded from a low-grade metamorphic province
with quartzite and low-temperature quartz segregation. Im-
mature sandstones are common in the Mesozoic and Ter-
tiary sedimentary successions of southeast and east Spitsber-
gen (Storfjord area, Barentsøya, Edgeøya and Hopen) (Dall-
mann, 1999). In fact, the quartz populations and their pro-
portions identified in the Late Triassic sandstones of the
De Geerdalen Formation from Edgeøya resemble closest the
populations and their distributions found in most of the off-
shore samples. The similarities of the grain types occurring
in the offshore samples and onshore samples from Edgeøya
are astonishing as illustrated in Fig. 11. Thus, it is suggested
that most of the IRD originate from these sediments which
are exposed at Edgeøya, and Barentsøya and along the coast
of inner Storfjorden covering an area of more than 3000 km2
(Fig. 1). In order to confirm this source area of the type A, B
and C grains further, the ice drift will be considered below.
IRD of all grain sizes is transported predominantly by ice-
bergs calved from the margins of tidewater glaciers, and to a
much lesser extent by sea ice (Barnes et al., 1982; Nürnberg
et al., 1994; Bischof, 2001). Icebergs and sea ice, and any in-
cluded debris, drift under the action of ocean currents up to
several hundred kilometres (Elverhøi et al., 1995; Hebbeln et
al., 1998) and, to a lesser extent, wind. The drift ice melts
and releases the debris, whereby coarser grained material
(> 500 µm size fraction) falls directly to the sea floor. The
transport of drift ice in the sampling area is controlled by the
East Spitsbergen Current (ESC; e.g. Loeng, 1991; Fig. 1b).
Entering the Barents Sea from the east/northeast, the ESC
turns into Storfjord and continues encircling southern Spits-
bergen where it flows northward along the continental shelf,
passing Forlandsund and Prins Karls Forland. Occasionally
westerly winds blow drift ice coming with the ESC in the in-
ner parts of the fjords along the western coast, namely Horn-
sund, Van Mijenfjorden, Isfjord and Kongsfjord (Umbreit,
2009), implying that even the sample sites 1258 and 1265
might be affected by ESC drift ice. The major sources of ice-
bergs in the catchment area of the ESC are fast moving (surg-
ing) tidewater glaciers on the east coast of Edgeøya and in in-
ner Storfjord (Dowdeswell and Dowdeswell, 1997; Figs. 1b,
2). A number of smaller tidewater glaciers occur along the
east coast of Spitsbergen between 77◦ and 78◦ N. However,
calving icebergs hardly reach the west coast of Spitsbergen
today. More important is the Storfjord area as the main pro-
ducer of sea ice in southern Spitsbergen (Nilsen and Gam-
melsrød, 2008; Fig. 2). Sea ice is predominantly (> 50 %)
formed in open water areas. However, ca. 30 % of the ice
is produced as fast or pack ice (Haarpaintner et al., 2001)
where sediments from the Edgeøya and Barentsøya can be
incorporated and eventually transported via ESC towards the
Spitsbergen west coast and further around the southern cape
northward.
Thus, the most likely regional sources of the IRD for type
A, B, and C are the east coast of Edgeøya and Barentsøya
and inner Storfjord (Fig. 5). The dominant lithology in the
catchment area of the tidewater glaciers comprises sediments
of the Triassic Kapp Toscana Group and Sassendalen Group
(Dallmann, 1999; Dallmann et al., 2002). The up to 400 m
thick De Geerdalen Formation, part of the Kapp Toscana
Group, is the most widespread sandstone-rich succession ex-
posed in the suggested catchment areas of Edgeøya and in-
ner Storfjorden. Summarizing, type A, B and C grains are
recycled detrital grains of immature sandstone with sericite-
Fe-oxide/hydroxide coatings, which commonly occur in the
Triassic De Geerdalen Formation at Edgeøya, Barentsøya,
Hopen, and inner Storfjord, south Spitsbergen.
The type D grains are fragments of mature sandstones con-
taining detrital grains of high-grade metamorphic and plu-
tonic origins cemented by authigenic quartz. They are very
different from the type A, B, and C grains. The fragments
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Fig. 9. Concentrations of Al versus Ti and Li of quartz grains in onshore samples. The same data are plotted, first, with respect to sample
origin (A, B) and, second, to quartz type(C, D). In general, the concentrations plot in the same range as the offshore samples (grey shaded
areas).(A, B) Samples from southern Isfjord are characterized by high Ti due to high proportion of D type grains (seeC). (C, D) Type D
grains have distinctively high Ti and relatively high average Al compared to the grain types A, B, C, and X. X type samples are quartz types
which were not found in the offshore samples.
occur as minor constituents in the samples from Storfjord,
Van Mijenfjorden, Forlandsund and Prins Karls Forland, but
they are the major constituent in the sample from inner Is-
fjord. Thus, the type D grains in the Isfjord sample 1265 rep-
resent a local source (Fig. 5). Type D grains are the domi-
nant grain population in sandstones of the Kapp Toscana and
Adventdalen Group in the vicinity of the location of sample
1265. Tidewater glaciers of Tempelfjorden and – in historical
times – Sassendal are the major source of drift ice in inner Is-
fjord (cf. Forwick and Vorren, 2009) (Fig. 1b). The rock units
in the catchment area of these glaciers include sediments of
these formations. The second, minor source of drift ice in Is-
fjord is the area of Storfjord from where ice is transported
by the ESC around southern Spitsbergen and blown by com-
mon westerly winds into the inner parts of the Isfjord (Um-
breit, 2009). Thus, type B grains in sample 1265, which form
the minor population, are interpreted as IRD originating from
the Triassic De Geerdalen Formation at Edgeøya, Barentsøya
and inner Storfjord.
The type E arkose grains, which occur only in sample
1244 from inner Storfjord, are undoubtedly a local con-
tribution from nearby onshore rocks. The sampling site is
close to the mouth of the Agardhdalen and surging glaciers
north and south of Agardhdalen. The sedimentary sequences
around Agardhdalen comprise among others the Early Cre-
taceous Adventdalen Group (Dallmann et al., 1999). The in-
vestigated sandstone DH7A-1 of the Adventdalen Group is
the only onshore sample in which type E grains were found
(Fig. 11). Exposures of the Adventdalen Group extend con-
tinuously from north Adventdalen, where the onshore sample
was taken, to Agardhdalen at the western coast of Storfjord
close to sample 1244 (Fig. 1). The sandstones of the Advent-
dalen Group occur in the glacier and river catchment areas in
the Agardhdalen region close to the offshore sample (Fig. 1),
and they are the likely source for type E grains found in sam-
ple 1244.
7 Implications and conclusions
The identification of geological provinces by means of IRD-
derived quartz grains (> 500 µm) in marine sediments off
the Spitsbergen coast provides a new dimension in terms
of reconstructing the dynamics and extent of past Spitsber-
gen/Barents Sea ice-sheet drainage basins. Traditionally, the
configuration of the Weichselian ice sheets in the Spitsber-
gen/ Barents Sea region is reconstructed by combining evi-
dence from terrestrial sediment and landforms with marine
IRD records (cf. Svendsen et al., 2004). The intensity of IRD
supply is thereby both indicative of the timing of maximal
extent and break-up of the ice sheet (e.g. Elverhøi et al.,
1995; Andersen et al., 1996; Knies et al., 2001; Jessen et
al., 2010). Provenance studies on bulk material further con-
strain the sources of glacially eroded material, but can add
little information on the regional dynamics of past ice sheet
configurations (Bischof, 1994; Andersen et al., 1996; Vogt et
al., 2001; Tütken et al., 2002; Moros et al., 2006; Andrews
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Fig. 10. SEM-CL and SEM images of quartz in onshore samples
from Spitsbergen.(A) SEM-CL image of Late Triassic sandstone
from Edgeøya. The sub-angular quartz grains have predominantly
weak CL, are partially overgrown authigenic quartz and cemented
by sericite.(B) BSE image of type B quartz grain of Late Triassic
sandstone from Edgeøya with mica and feldspar micro-inclusions.
(C) SEM-CL image of the Early Cretaceous sandstone from S Is-
fjord with predominantly bright luminescent quartz grains of type
D. (D) SEM-CL image of two fragments of fine-grained arkose
and one bright luminescent type D quartz grain in Early Cretaceous
sandstone from S Isfjord.(E) SEM-CL image of the equigranular,
medium-grained matrix of the Tertiary conglomerate from Lunck-
efjell. The predominantly bright luminescent grains are overgrown
by authigenic quartz with dull CL.(F) SEM-CL image of a chert
grain in sample MJ1 with distinctive structures.
et al., 2009). The latter may be inferred from the imagery of
submarine landforms in the Barents Sea (Dowdeswell et al.,
2010; Winsborrow et al., 2010), but configurations of previ-
ous glaciations remain unresolved unless applying 3-D seis-
mic technology (Laberg et al., 2010).
Our data demonstrate that the descriptive CL character-
istics of detrital quartz in combination with quantitative
trace element determination by LA-ICP-MS provide a use-
ful tool for the classification of the IRD grains into pop-
ulations of distinctive provenance on Spitsbergen. Given a
larger regional set of surface and downcore samples, this
source-specific information from IRD-derived quartz grains
may help to improve the reconstruction of ice-drainage pat-
terns by identifying prominent zones of glacial erosion, not
only during the late Weichselian but also possibly during
previous glaciations. The next steps will be (1) collecting
and analysing further onshore samples from Svalbard to ex-
Fig. 11.SEM-CL and BSE images of quartz comparing grain types
in offshore (left column) and onshore samples (right column).(A
SEM-CL image of a dull luminescent, featureless type A grain with
sericitic remains at the grain edge (brighter areas).(B SEM-CL
image of a dull luminescent, featureless quartz grain of type A in
Late Triassic sandstone from Edgeøya.(C) BSE image of a type B
quartz grain with common mica and feldspar inclusions.(D) BSE
image of a type B quartz grain (arrow) with common mica and
feldspar inclusions in Late Triassic sandstone form the Edgeøya.
(E) SEM-CL image of a type C grain from offshore sample 1246.
(F) SEM-CL image showing a type C grain (arrow) in Late Trias-
sic sandstone from the Edgeøya.(G) SEM-CL image of a bright
luminescent type D grain from offshore sample 1286.(H) SEM-CL
image of a bright luminescent type D grain in Late Triassic sand-
stone from the Edgeøya.(I) SEM-CL image of an arkose fragment
(type E) from offshore sample 1244.(J) SEM-CL image of a large
arkose fragment (type E) in Early Cretaceous sandstone from the
southern Isfjord area.
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pand the database for further IRD provenance studies in this
climate-sensitive region and (2) starting to analyse down-
core records from the Yermak Plateau/western Svalbard mar-
gin, an area influenced by former palaeo-ice-streams (e.g.
Gebhardt et al., 2011; Sarkar et al., 2011) and variable sea
ice conditions (Fig. 2). On a longer term perspective, on-
shore samples from Greenland, Scandinavia and Iceland will
be added to the database delineating major IRD provinces in
the circum-North Atlantic–Arctic Ocean further.
So far, we have identified five distinct quartz grain popu-
lations (types A to E) in sediments off the Spitsbergen coast,
indicative of potential IRD provinces in the Storfjord area.
The ubiquity of type A and B grains indicates a common
regional source. They are recycled detrital grains of imma-
ture sandstone with sericite cement of a kind which com-
monly occurs in the Triassic De Geerdalen Formation on
Edgeøy, Barentsøya, Hopen and in inner Storfjord. The less
common type C grains are genetically related to type A and B
grains. All three grain populations have been identified in on-
shore sandstones of the Late Triassic De Geerdalen Forma-
tion, which are likely the source of these quartz grains. Type
D grains are fragments of mature, silicified, coarse-grained
sandstones containing detrital quartz grains of primary high-
grade metamorphic and plutonic origin. Type D grains form
a minor constituent in a number of samples representing lo-
cal sources that are presumably silicified mature sandstones.
Type E grains occurring only in inner Storfjord are arkose
fragments presumably originating from the Early Cretaceous
Adventdalen Group.
The results imply that under modern (interglacial) condi-
tions IRD deposition along the southern and western Spits-
bergen margin is mainly governed by ESC-controlled ice
drift patterns (mainly sea ice). The presence of detrital quartz
from local provinces, however, indicates that variations in
IRD supply from western and southern Spitsbergen may be
quantified as well. In summary, applying this new IRD proxy
on Arctic continental margin sediments will allow better def-
inition of the sources of IRD and, thus, spatial and tempo-
ral changes of ice flow drainage patterns during glacial and
deglacial periods.
Supplementary material related to this article is
available online athttp://www.clim-past.net/9/2615/2013/
cp-9-2615-2013-supplement.pdf.
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